All relevant data are deposited on Zenodo at <https://doi.org/10.5281/zenodo.2629225>.

Introduction {#sec005}
============

Two of the most ubiquitous stressors that limit individual plant performance (*i*.*e*. growth, reproduction and survival) are defoliation (*e*.*g*. due to herbivory, pathogens, physical damage or harvesting) and light competition. Both these stressors can strongly limit plant performance as they entail a reduction in photosynthesis and resources, and thus in future growth. Performance reductions due to defoliation are often proportionately smaller than expected based on the fraction of leaf area that is being removed \[[@pone.0209631.ref001], [@pone.0209631.ref002]\] and in some cases plants even increase their performance under defoliation \[[@pone.0209631.ref003], [@pone.0209631.ref004]\]. In that sense plants can be tolerant to defoliation, and this tolerance is often associated with compensatory growth, a mechanism by which negative effects of leaf loss are mitigated \[[@pone.0209631.ref005]\]. There are three types of compensatory growth responses: plants can compensate for growth by allocating more new assimilates to leaves, by allocating new assimilates more efficiently to leaf area (*i*.*e*. by increasing specific leaf area), or by growing faster with existing leaf area (*i*.*e*. by increasing net assimilation rate \[[@pone.0209631.ref006]\]).

In order to estimate the magnitude of adaptation potential of populations to changes in defoliation regimes (*e*.*g*. changes in herbivore/pathogen pressure, storm frequency or leaf harvesting by humans), estimations of genetic variation in compensatory growth responses are critical \[[@pone.0209631.ref007]\]. Many plant species have evolved tolerance to leaf loss (*e*.*g*. \[[@pone.0209631.ref005], [@pone.0209631.ref008], [@pone.0209631.ref009], [@pone.0209631.ref010]\]), which indicates that plants have evolved compensatory growth responses. However, relatively little work has been done to study genetic variation in these compensatory growth responses \[[@pone.0209631.ref009]\]. Likewise, estimations of genetic variation in growth rate are essential to estimate the adaptive potential of populations to disturbances that require changes in growth rate (*e*.*g*. when light competition changes due to the introduction of a fast growing species).

Plants have to balance between investments in reserves that allow tolerance to disturbance \[[@pone.0209631.ref008], [@pone.0209631.ref011]\] and growth or reproduction. This would suggest a trade-off between tolerance and growth or reproduction under no disturbance \[[@pone.0209631.ref005]\]. However, plants can also tolerate defoliation without investing in reserves: by increased photosynthetic activity due to less self-shading, or by higher stomatal conductance due to changed root-shoot ratio \[[@pone.0209631.ref008], [@pone.0209631.ref009]\]. If this is the case, growth or reproduction under no disturbance and tolderance would be expected to be uncorrelated or even positively correlated.

The trade-off between growth and tolerance is believed to be a significant factor in determining species habitat adaptation \[[@pone.0209631.ref012]\]. If tolerance and performance under no disturbance are negatively correlated, this could explain the maintenance of genetic diversity in populations with varying levels of disturbance, while a positive genetic correlation is expected to favour superior genotypes and increase variation in life histories among individuals. So far very little is known about the level of within-population genetic correlations between tolerance and performance under no disturbance.

Many studies have evaluated genetic variation in growth rate in short-lived species (mostly annuals and bi-annuals), and some genetic variation in tolerance and genetic correlations between performance and tolerance to leaf-loss \[[@pone.0209631.ref013]\]. However, for long-lived woody plant species much less is known about these issues \[[@pone.0209631.ref014]\]. Haukioja & Koricheva \[[@pone.0209631.ref015]\] argue that tolerance to defoliation might be just as important for long-lived species as it is for short-lived species, but this has not been empirically tested. Defoliation tolerance might be especially relevant for understorey species because shade tolerance is often associated with storage of reserves that allow recovery after damage \[[@pone.0209631.ref012], [@pone.0209631.ref016]\]. More information on the existence of genetic variation in performance, tolerance and genetic correlations between these two, would increase our understanding of the adaptive ability of long-lived plant populations to environmental changes.

In this study we analyzed the extent to which growth, tolerance to defoliation and compensation are heritable and if growth and tolerance/compensation are genetically correlated. We did this for the long-lived, shade tolerant, tropical understorey palm *Chamaedorea elegans*. Leaf loss due to herbivory and physical damage is high and an important factor limiting the performance of this species \[[@pone.0209631.ref017], [@pone.0209631.ref018]\]. *C*. *elegans* has been shown to compensate for leaf loss, by changing net assimilation rate (NAR) and allocation of biomass to leaf mass \[[@pone.0209631.ref006]\]. Furthermore, the leaves of this species are a non-timber forest product, and populations of this species are under pressure due to increased harvesting activities \[[@pone.0209631.ref019]\].

Specifically, we answered the following questions for our study population:

1.  Is there evidence of genetic variation in plant growth rate and related parameters?

2.  Is there evidence of genetic variation in tolerance to defoliation (in terms of growth rate), leaf loss compensation and underlying compensatory growth responses (*i*.*e*. changes in net assimilation rate (NAR), specific leaf area (SLA) and biomass allocation to leaves)?

3.  Are growth rate and tolerance/compensation genetically correlated?

To answer these questions, we performed a greenhouse experiment with seedlings (from a population with no known disturbance) in which a defoliation treatment was applied (by repeatedly removing leaf area with scissors). We choose to use seedlings because (1) tropical forest seedlings are strongly affected by damage from falling debris and herbivory \[[@pone.0209631.ref016]\] (2) growing seedlings from collected seeds of mother plants ensured that seedlings were half-sibs (3) using seedlings allowed to increase sample size and obtain results within 1.5 years. We estimated genetic variation in growth parameters, tolerance (in terms of growth), compensation and associated compensatory growth responses (changes in NAR, SLA and biomass allocation). We used an iterative growth model \[[@pone.0209631.ref006], [@pone.0209631.ref020]\] to estimate compensatory growth responses, which we used to calculate compensation. Furthermore, we analyzed the extent to which tolerance to defoliation and growth rate were related.

Materials and methods {#sec006}
=====================

Species, site of seed collection, seed germination and greenhouse conditions {#sec007}
----------------------------------------------------------------------------

The experiment was performed with the forest understorey palm species *Chamaedorea elegans* Mart, which naturally occurs in rainforest in Mexico, Guatemala, and Belize \[[@pone.0209631.ref021]\]. It is single stemmed, produces a single cluster of leaves and is dioecious. It naturally occurs mostly on karstic outcrops. Herbivory and falling canopy debris are both major causes of leaf loss in this species \[[@pone.0209631.ref006], [@pone.0209631.ref017]\]. Furthermore, leaves are harvested as a Non-Timber Forest Product (NTFP) for use in the floral industry, causing many populations to be under pressure \[[@pone.0209631.ref019], [@pone.0209631.ref022]\].

Seeds of *C*. *elegans* were collected from a natural population in south-eastern Mexico in the state of Chiapas. In October 2012, close to the Chajul Biological Station (16°06' N, 90°56' W), we set up a 0.7 ha plot, covering the majority of the karstic outcrop where the population was clustered. No known disturbances have occurred in this area. From all female fruiting individuals (175 individuals in Nov-Dec 2012) within this plot seeds were collected. No minimum distance between mother plants was maintained. In addition, to assure a sufficiently large sample size, seeds were collected from 32 individuals in an 0.1 ha area connected to the main plot that was established for a similar experiment in 1997 (using the same methods as in our experiment \[[@pone.0209631.ref017]\]).

In January 2013, seeds were weighted (with analytical balance scales) and germinated at the Unifarm experimental facilities of Wageningen University, the Netherlands, under similar conditions. Germination of individual seeds was recorded two times a week. One and a half weeks after emergence, seedlings were transplanted into small pots of 8.5 x 8.5 x 9.5 cm (l x w x h), filled with low nutrient soil (40% peat moss peat, 20% Nordic fraction 2, 20% Baltic peat agent, 20% normal garden peat, 1% pg mix, 0.2% Micromax) and moved to a greenhouse at the Unifarm experimental facilities, where they were grown to the age of six months (the start of the experiment, see Experimental setup below), and continued growing until the end of the experiment.

The seedlings were grown at a table with flood system allowing a nutrient solution to be absorbed from below into the pots (pH 5.0, EC 0.8, NPK ratio 12-14-24). To simulate forest conditions, temperature in the greenhouse was kept at a minimum day/night temperature of 24/22°C, air humidity at 80%, day length was reduced to a maximum of twelve hours using automatically closing black screens. Light levels were in summer months reduced using (depending on the month) either 25% or 50% shade cloth, such that plants received approximately 2 mol per day, which is the average light intensity in the forest understorey at the site where seeds were collected \[[@pone.0209631.ref023]\]. Monthly target shade levels were based on the 10-year monthly average light intensities recorded at the location of the greenhouses.

Experimental setup {#sec008}
------------------

The experiment started for each seedling six months after germination (6 months is an age at which seed reserves of *C*. *elegans* seedlings growing under the conditions of this experiment have been depleted, [S1 File](#pone.0209631.s001){ref-type="supplementary-material"}). At the start of the experiment, we measured seedling stem length and diameter. In addition, we measured leaf width, lamina length, rachis length, rachis diameter, leaflet width, and number of leaflets of all leaves, as well as the length of unopened leaf. With this information, seedling biomass (per plant part) and leaf area of the seedlings of six months of age were estimated using an allometric model, that we constructed based on data of a destructive harvest of extra seedlings of six months of age from the same experimental conditions (see [S1 File](#pone.0209631.s001){ref-type="supplementary-material"} for details).

The experiment was laid out as a randomized block design with six blocks. To this end, the table was divided into six equal parts lengthwise to create the blocks. Seedlings from the same mother (half-sib families) were randomly distributed over the blocks and over position within the block. Because families differed in number of seedlings, sometimes a family was only present in one block (this was the case for families with only one seedling), and sometimes in all six (which was the case for families with at least six seedlings).

To assign the seedlings to control or defoliation treatments, we ranked all plants in a family according to age (*i*.*e*. date of emergence). We then randomly assigned a treatment (*i*.*e*. defoliation or control) to the oldest one, giving the other treatment to the second oldest plant and alternating in this way across the age hierarchy (note that families that were odd numbered in size therefore do not have the same number of individuals within each treatment). Of all seedlings that were assigned to the defoliation treatment, two out of every three leaflets were cut off at six months of age. This treatment was repeated (for newly produced leaves) every eight weeks. Treatment intensity and frequency were aimed to simulate maximize defoliation pressure without greatly increasing seedling mortality (*C*. *elegans* has been shown to withstand repeated two third defoliation without large reductions in mortality \[[@pone.0209631.ref017]\], and 8 weeks was a treatment frequency of which we expected it would not greatly increase mortality in *C*. *elegans* seedlings).

Surviving seedlings were destructively harvested at 12.5 months of age (1387 in total, see [Fig 1](#pone.0209631.g001){ref-type="fig"} for photos of some of the seedlings). The timeframe of the experiment (*i*.*e*. 6.5 months) is similar to other experiments studying tolerance-performance trade-offs in seedlings of long-lived species \[[@pone.0209631.ref011], [@pone.0209631.ref016]\], and was considered to likely be long-enough to reveal differences in allocation of assimilates to storage rather than growth (one of the main mechanisms explaining growth-tolerance trade-offs) \[[@pone.0209631.ref016], [@pone.0209631.ref024]\]. At harvest, plants were checked for natural abscissions (which can easily be detected by the structure of the plant), but no natural abscissions were detected. Roots were carefully washed to remove all soil particles. Leaf area was measured of the second fully developed leaf (counting from the apex), using a leaf area meter (LiCor LI3100 Lincoln NE, USA). Roots, stem, rachis, undeveloped leaves, lamina of non-defoliated leaves and lamina of defoliated leaves were separated, and dried in a stove at 70°C for at least 72 hours, after which dry mass per plant part was determined.

![Experimental plants at time of harvest.\
The second and forth plant from the left are plants to which a two third defoliation treatment was applied. The other two are control plants. Plants are the same age, size differences therefore represent differences in growth.](pone.0209631.g001){#pone.0209631.g001}

Measured weights and leaf area were checked for mistakes. A total of 88 plants were excluded from further analysis. From the included individuals, we selected only those that belonged to families (*i*.*e*. were obtained from a mother palm) that contained at least 12 individuals. The selection reduced the initial number of 207 families sampled in the field to 43 families included in the analyses. Analyses were conducted on a total of 711 seedlings.

Estimation NAR, biomass allocation to leaves, changes in SLA and RGR {#sec009}
--------------------------------------------------------------------

To estimate growth and several growth-related variables (net assimilation rate (NAR), fraction of newly assimilated mass that is allocated to lamina growth (f~lam~), fraction in daily change in mean specific leaf area (γ) and relative growth rate (RGR)), we used an iterative growth model following the method of Anten & Ackerly \[[@pone.0209631.ref020]\]. This method of growth analysis allows more exact estimations of growth variables than either the classic or functional approaches of growth analysis \[[@pone.0209631.ref025]\] when a plant experiences repeated defoliation because it includes timing of leaf loss \[[@pone.0209631.ref020]\]. Input for this model is biomass, leaf mass, and leaf area at the beginning and end of the experiment, and leaf loss (mass and area, and time of removal) during the experiment. We, however, did not measure leaf loss directly but assumed this to be two third of existing leaf mass (*i*.*e*., our defoliation treatment entailed removing two out of every three leaflets). To allow for this, we adjusted the Anten & Ackerly \[[@pone.0209631.ref020]\] model. A more detailed description of these methods is provided in [S2 File](#pone.0209631.s002){ref-type="supplementary-material"}.

Estimation of tolerance to defoliation and leaf loss compensation {#sec010}
-----------------------------------------------------------------

Tolerance and compensation are both measures of plant performance under defoliation stress, compared to performance of control (non-defoliated) plants. Tolerance, the difference in fitness (or growth in our case) between individuals under defoliation stress and non-defoliated individuals \[[@pone.0209631.ref001]\], is the measure most widely used to make such comparisons, but it does not take into account the amount of leaf area that was removed. Compensation, the fraction of the potential loss in growth due to leaf loss that is mitigated through compensatory mechanisms, does take lost leaf area into account and some methods allow for including the time of removal as well \[[@pone.0209631.ref020]\]. This more functional approach allows for estimation of the underlying growth parameters (changes in NAR, SLA and biomass allocation). We analysed both, because growth tolerance is a more common measure, but compensation gives more insight in the underlying mechanisms.

To be able to estimate genetic variation in tolerance and compensation, information on differences in tolerance and compensation within families, and therefore per individual is required. In order to be able to calculate tolerance and compensation per individual, each individual in the defoliation treatment was paired with a family member from the control treatment, based on rank order of estimated biomass at six months of age (*i*.*e*. seedling age at the beginning of the experiment). Pairing is a standard procedure in growth analysis \[[@pone.0209631.ref001]\]. Using the values of the coupled control individual, tolerance in growth rate was calculated as T = (G~D~-G~C~)/G~D~ in which T indicates tolerance, G growth, and the subscript D and C the defoliation- and control treatment respectively. For tolerance in RGR, RGR values were obtained with the iterative growth model. For tolerance in biomass growth, we calculated biomass change between 6 months and 12 months of age, for which the values were obtained from direct measurements. We excluded leaf mass in this calculation.

We estimated compensation per individual using the approach of Anten, et al. \[[@pone.0209631.ref006]\]. We used the coupled control family members as a null-model to be able to estimate growth rate of a hypothetical, non-compensating individual. Using the start-biomass of the defoliated individual, but the growth parameters (NAR, f~lam~, γ) of the control individual, we calculated biomass growth rate and RGR based on the iterative growth model, for both the control and defoliation treatment. Compensation was then calculated as $Compensation = \frac{L_{pot} - L_{real}}{L_{pot}}$ in which L~pot~ = C0-D0 and L~real~ = C0-D. L~pot~ (the potential reduction in growth) is therefore calculated as the growth of a control individual with the null-model growth parameters (C0), minus growth of a defoliated individual with the same null-model growth parameters (D0). L~real~ (the realized reduction in growth) is calculated as C0 minus the actually realized growth of the defoliated individual (D).

Statistical analysis {#sec011}
--------------------

To estimate genetic variation in growth parameters (NAR, f~lam~ and γ), variables of biomass growth (without leaf mass) and RGR, and for tolerance and compensation, we constructed mixed effect models, in which (half-sib) family (F) was included as random factor. Seed weight (s) was included as fixed effect to correct for potential maternal effects. Blocking was not included, because it did not significantly influence any of the response variables. The resulting models therefore were *y*~*ij*~ = μ + *S*~*j*~ + *F*~*i*~ + *e*~*ij*~ and *y*~*ij*~ = μ + *F*~*i*~ + *e*~*ij*~ with F~i~ \~ N(0,σ~F~^2^) and e~ij~ \~N(0,σ^2^). From the among-family variance component ($\sigma_{F}^{2}$) and the residual variance component (σ^2^) narrow sense heritability was estimated as $h^{2} = \frac{4\sigma_{F}^{2}}{\sigma_{F}^{2} + \sigma^{2}}$. Because mother plants were randomly pollinated, families were considered to be half-sibs in this estimation (which is why there is a factor 4 in the narrow sense heritability formula) \[[@pone.0209631.ref026]\]. Estimates for plants that were part of the defoliation treatment were calculated separately.

To analyze genetic variation in response to defoliation, we constructed mixed effect models for all estimated growth parameters in which treatment (T) was included as a fixed effect, family as a random effect, as was the interaction term between treatment and family (blocking was not included because it did not significantly influence any of the response variables). A relatively large interaction term between defoliation treatment and family in the models of biomass growth or RGR, is an indication of genetic variation in tolerance (*e*.*g*. \[[@pone.0209631.ref027]\]). Likewise, a relatively large interaction term between treatment and family in the mixed models for the growth parameters NAR, f~lam~ and γ, are indications of genetic variation in compensatory traits. When visual inspection of the data suggested more complex variance structures, these were modeled as well, and the best model was selected based on Akaike (AIC) criteria. The best model was for all tested variables the model in which separate within group variance components were estimated per treatment, which is *y*~*ijk*~ = μ +*T*~*j*~+ *S*~*k*~ + *F*~*i*~ + *F* × *T*~*ij*~ + *e*~*ijk*~ with F~i~ \~ N(0,σ~F~^2^), F x T~ij~ \~ N(0,σ~FxT~^2^) and e~ijk~ \~N(0,σ~j~^2^). The mixed effect model with interaction term was analyzed in Genstat \[[@pone.0209631.ref028]\], all other analyses were performed in R \[[@pone.0209631.ref029]\].

Results {#sec012}
=======

Is there evidence of genetic variation in plant growth rate and related parameters? {#sec013}
-----------------------------------------------------------------------------------

We found large variation among different families in biomass growth and RGR ([Fig 2](#pone.0209631.g002){ref-type="fig"}). We determined within and among family variance components for biomass growth rate, RGR, and the growth parameters NAR, biomass allocation (f~lam~), and SLA change (γ) that were estimated by the iterative growth model ([Table 1](#pone.0209631.t001){ref-type="table"}). Seed weight significantly influenced biomass growth in both the control and defoliation treatment (p\<0.001 for both variables and treatments), and RGR and γ in the control treatment (p = 0.009 and p = \<0.001 respectively). Based on the gathered variance components, we estimated narrow-sense heritability of growth rate to be relatively large for non-defoliated plants, and only slightly lower for plants that were subjected to defoliation (*h*^2^ values for biomass growth and RGR ranged from 0.41 to 0.46 for control plants and from 0.32 to 0.35 for defoliated plants, [Table 1](#pone.0209631.t001){ref-type="table"}). Surprisingly, estimations of heritability of the growth parameters NAR, f~lam~, and γ, were much lower, especially for the control individuals (ranging from 4.04E-9 to 0.22, [Table 1](#pone.0209631.t001){ref-type="table"}).

10.1371/journal.pone.0209631.t001

###### Estimated within- and among-family variance components (σ2Family and σ^2^ respectively) and narrow-sense heritability (*h*^2^) for several growth parameters for a population of the understorey palm *Chamaedorea elegans*, for which seedlings were subjected to defoliation in a greenhouse.

![](pone.0209631.t001){#pone.0209631.t001g}

                                   Control                          Defoliation              
  -------------------------------- ---------- ---------- ---------- ------------- ---------- ----------
  **Biomass growth (g/6months)**   0.0574     0.502      0.410      0.0103        0.109      0.347
  **RGR (g/g/day)**                1.65E-07   1.26E-06   0.463      1.39E-07      1.58E-06   0.324
  **NAR (g/cm**^**2**^**/ day)**   6.30E-18   5.49E-10   4.66E-08   5.45E-11      9.37E-10   0.220
  **f**~**lam**~                   3.80E-12   3.77E-03   4.04E-09   2.92E-10      8.03E-03   1.44E-07
  **γ**                            0.000220   0.00618    0.138      0.000547      0.0127     0.165

Biomass growth (excluding leaf mass) was determined from direct measurements. The growth parameters RGR, NAR, f~lam~ and γ were estimated using an iterative growth model. Variance components were estimated from mixed-effect models with REML estimation. RGR = Relative growth rate; NAR = Net assimilation rate; f~lam~ = fraction of newly assimilated mass that is allocated to lamina growth; γ = fraction in daily change in mean specific leaf area

![Boxplots of biomass growth (A) and RGR (B) for control (left bars) and defoliated seedlings (right bars) of 43 families of *Chamaedorea elegans* from a Mexican rainforest.\
Boxes are the interquartile range (IQR), black lines in the middle of boxes are medians, whiskers are the extreme data point with 1.5 x IQR. Families are ranked by increasing order of mean biomass growth. The changing rank of families between treatments is a first indication that families that grow relatively fast without the stress of defoliation do not necessarily grow relatively fast when they suffer leaf loss. The changes in rank between biomass growth rate and RGR indicate that families that grew fast in absolute terms did not necessarily grow fast in relative terms.](pone.0209631.g002){#pone.0209631.g002}

Is there evidence of genetic variation in tolerance to defoliation, leaf loss compensation and underlying compensatory growth responses? {#sec014}
----------------------------------------------------------------------------------------------------------------------------------------

We compared family mean control and defoliation treatment values of all growth parameters ([Fig 3](#pone.0209631.g003){ref-type="fig"}). Family mean biomass growth rate was as expected, lower in the defoliation treatment for all families (on average by a factor 0.42) and for RGR in almost all families (by a factor 0.88 on average). However, all family mean values of NAR and biomass allocation, and almost all family mean values of SLA change, were higher in the defoliation treatment than in the control treatment (on average by a factor 1.28, 1.24 and 1.06 respectively). Therefore, all families clearly showed compensatory responses to leaf loss by increasing their NAR and SLA, and changing their biomass allocation.

![Comparison of control and defoliation treatment family means of several growth parameters for seedlings of the understorey palm *Chamaedorea elegans*.\
Biomass growth was determined from direct measurements, the other parameters were all estimated using an iterative growth model. The dashed line indicates a 1-to-1 relationship. Pearson correlation coefficients and associated p-values are shown. The asterisk in panel (e) is an outlier data point; correlation coefficient and p-value without this data point are shown in between brackets.](pone.0209631.g003){#pone.0209631.g003}

We tested whether families responded differently to defoliation, and therefore whether there was genetic variation in response to defoliation, with a mixed effect model in which we included the random interaction between treatment and family. The fixed effect defoliation treatment significantly influenced all tested variables (p\<0.001 for all variables), but the fixed effect seed weight only significantly influenced biomass growth and the fraction in daily change in mean specific leaf area (γ, p\<0.001 for both variables). The model yielded only relatively small variance components for the interaction between treatment and family for all evaluated parameters ([Table 2](#pone.0209631.t002){ref-type="table"}). This suggests that families do not respond significantly different to leaf loss in terms of biomass growth, RGR, NAR, allocation to leaf mass nor SLA changes. Therefore, while families compensate strongly for leaf loss, we did not find evidence for strong within-population genetic variation in this response.

10.1371/journal.pone.0209631.t002

###### Estimated family, family\*treatment and residual variance components fixed effects p-values for several growth parameters, estimated from a greenhouse experiment that was performed with seedlings for which the seeds came from a small (0.7ha) Mexican population of the understorey palm *Chamaedorea elegans*.

![](pone.0209631.t002){#pone.0209631.t002g}

                                   σ^2^~Family~   σ^2^~Family\ x\ Treatment~   σ^2^~Control~   σ^2^~Defoliation~
  -------------------------------- -------------- ---------------------------- --------------- -------------------
  **Biomass growth (g/6months)**   2.53           -1.44                        53.91           10.69
  **RGR (g/g/day)**                0.00129        0.0002                       0.0127          0.0159
  **NAR**                          0.00242        -0.00199                     0.0545          0.0983
  **f**~**lam**~                   0.000168       -0.00018                     0.00378         0.00803
  **Γ**                            0.00043        -0.00013                     0.00613         0.0129

Biomass growth was determined from direct measurements, the other parameters with an iterative growth model. Variance components were estimated using mixed effects models with REML estimation. RGR = Relative growth rate; f~lam~ = fraction of newly assimilated mass that is allocated to lamina growth; γ = fraction in daily change in mean specific leaf area

To estimate genetic variation in tolerance and compensation itself, we paired defoliation treatment individuals with control individuals from within the same family. By doing this, we were obtaining replicated estimates of tolerance and compensation and could therefore estimate the heritability of these parameters. Even though we found large variation between family mean values of tolerance and compensation (*e*.*g*. family mean compensation in biomass growth ranged from 0.16 to 1.03, *i*.*e*., 16---\~100% of potential loss being mitigated), within-family variance was much larger. Therefore, estimations of heritability of tolerance and compensation were low (the highest estimated heritability was for compensation in biomass growth, which was only 0.01, [Table 3](#pone.0209631.t003){ref-type="table"}).

10.1371/journal.pone.0209631.t003

###### Estimated within and among family variance components and heritability of tolerance to defoliation, and compensation after repeated defoliation events in a greenhouse experiment, performed seedlings of the understorey palm *Chamaedorea elegans*.

To be able to estimate tolerance and compensation, individuals from the defoliation treatment were coupled to individuals from the control treatment based on their estimated biomass at the start of the experiment. Compensation was calculated by using an iterative growth model that allowed estimation of a hypothetical non-compensating individual.

![](pone.0209631.t003){#pone.0209631.t003g}

                                   Tolerance                         Compensation              
  -------------------------------- ----------- ---------- ---------- -------------- ---------- ----------
  **Biomass growth (g/6months)**   0.00636     2.796      0.00908    0.000559       0.1820     0.0122
  **RGR (g/g/day)**                1.53E-10    6.18E-02   9.90E-09   1.76E-09       5.23E-01   1.35E-08

Note: RGR = Relative growth rate

Are growth rate and tolerance/compensation genetically correlated? {#sec015}
------------------------------------------------------------------

For all growth parameters, there were positive correlations between family mean control values and family mean defoliation treatment values, indicating that growth performance was genetically correlated between treatments ([Fig 3](#pone.0209631.g003){ref-type="fig"}). The correlation coefficient for biomass growth was higher (r = 0.75, p\<0.001) than those for RGR, NAR and γ (r = 0.34, p = 0.02; r = 0.31, p = 0.04 and r = 0.41, p = 0.005 respectively). Only the estimated positive correlation coefficient of f~lam~ was not significant (r = 0.23, p = 0.12). These results suggest the existence of superior genotypes that grow fast while still being able to tolerate defoliation.

It is possible that even though (to some extent) the same families grew faster in both treatments, the relative reduction in growth rate might have been larger for families that grew fast in the control treatment. If this was the case, there would be a negative relation between tolerance or compensation (both relative measures) and growth rate in the control treatment. To test this we compared family mean values of tolerance and compensation, to family mean values of biomass growth rate and RGR in the control treatment ([Fig 4](#pone.0209631.g004){ref-type="fig"}). We did not find any significant correlations between tolerance/compensation and biomass growth/RGR. The only significant correlation that we found was between tolerance and RGR. However, this relationship was heavily pulled by two outlying data points; without these outliers there was no longer a significant correlation. Therefore, we did not find evidence that would suggest costs to tolerance in terms of growth.

![Relationships between family mean compensation (A, C), tolerance (B, D) and family mean growth rate.\
Data were obtained from 43 half-sib families of seedlings of the understorey palm *Chamaedorea elegans*, in which a defoliation treatment was applied. Compensation, RGR tolerance and RGR were estimated with an iterative growth model that takes into account timing of leaf removal (see methods). Pearson correlation coefficients and associated p-values are provided. The asterisks in panel d are two outlying data points; Pearson correlation coefficient and p-value without these data points are shown in between brackets.](pone.0209631.g004){#pone.0209631.g004}

Discussion {#sec016}
==========

This study showed that genetic variation in growth potential of a long-lived tropical forest species was much larger than values usually detected for small populations \[[@pone.0209631.ref014], [@pone.0209631.ref030]\]. We also showed that genetic variation in tolerance and compensation (an alternative defence strategy against herbivores to resistance that might be particularly important for understorey species) is limited within our study population. These results suggest that the studied population might have limited ability to adapt in terms of tolerance and compensation to environmental changes that entail leaf loss but does have the ability to adapt to environments that require different growth rates. Furthermore, this is one of the first studies that has analyzed genetic variation in tolerance, compensation and associated compensatory responses.

Genetic variation in plant growth rate and related parameters {#sec017}
-------------------------------------------------------------

We found large within-population genetic variation in growth rate, with estimations of narrow-sense heritability ranging from 0.32 to 0.46. These estimations are higher than the estimations from the few other studies that have been performed with long-lived plant species. For example, in the shade tolerant rainforest tree *Sextonia rubra* heritability ranged from 0.23 to 0.28 for several growth-related traits \[[@pone.0209631.ref030]\], and between 0.20 and 0.37 in a population of *Populus tremuloides* \[[@pone.0209631.ref014]\]. The values that we found are especially high considering that the seeds used in this experiment were collected in a very small area (0.7 ha). Furthermore, the high genetic variation that we found is somewhat surprising because inbreeding in *Chamaedorea* species has been estimated to be high in several other Mexican *C*. *elegans* populations \[[@pone.0209631.ref031]\]. This suggests that heritability in growth could be higher in understorey palms than in trees, but further research on multiple populations and species is necessary to determine this.

Genetic variation in tolerance to defoliation, leaf loss compensation and underlying compensatory growth responses {#sec018}
------------------------------------------------------------------------------------------------------------------

We found individuals to compensate strongly for defoliation, by increasing NAR, allocating more biomass to leaf mass, and by increasing SLA, which are similar responses that have been found in other studies, *e*.*g*. \[[@pone.0209631.ref032]\], including one that was also performed with *C*. *elegans* (albeit with adults \[[@pone.0209631.ref006]\]). Mean family's values of compensation varied strongly (*e*.*g*. for biomass growth between 0.16 to 1.03, *i*.*e*., the extent of compensation from about 1/8 to full compensation). However, we found only very limited evidence for genetic variation in compensatory responses and tolerance suggesting that phenotypic plasticity may be present. Low genetic variation in our sample population could partly be explained by the small size of the population. Possibly, genetic exchange occurs with other populations adjacent to the population we sampled, which could increase genetic variation. Sampling a larger area would be required to determine this. Another possibility is that *C*. *elegans* depends more on resistance mechanisms (*e*.*g*. chemical defences) than tolerance \[[@pone.0209631.ref002]\]. In our study population, leaf damage due to herbivory on leaves of approximately two years is on average 21% \[unpublished data\], and limits performance \[[@pone.0209631.ref033]\], suggesting that resistance could be important in this species. However, to our knowledge resistance has not been studied in *Chamaedorea* species.

Genetic variation in tolerance has been found for many species of annual and bi-annual plants (see *e*.*g*. \[[@pone.0209631.ref001]\] for a review on this), but, as Stevens, Waller & Lindroth \[[@pone.0209631.ref014]\] point out, much less is known about the level of genetic variation in tolerance in long-lived species. A reason for this is that resistance (*e*.*g*. chemical defenses) rather than tolerance has long been seen as a more effective measure for long-lived species to persist under the pressure of herbivory, due to their different life-history traits, such as long-lived leaves \[[@pone.0209631.ref015]\]. However, as explained by Haukioja & Koricheva \[[@pone.0209631.ref015]\], tolerance could be just as important for long-lived species as for the short-lived ones, partly because herbivore attacks can never be completely avoided, and plants endure leaf losses due to chronic physical damages. Tolerance could be particularly well developed in understorey species because shade tolerance is often associated with storage of reserves that allow recovery after damage \[[@pone.0209631.ref012], [@pone.0209631.ref016], [@pone.0209631.ref024]\] and because understory plants are subjected to falling canopy elements like branches, limbs and complete trees \[[@pone.0209631.ref034]\]. Studies that have been performed on long-lived plants were all on tree species (in which part of the studies detected genetic variation in tolerance, *e*.*g*. \[[@pone.0209631.ref014]\], while others did not, *e*.*g*. \[[@pone.0209631.ref035]\]. To our knowledge, genetic variation in tolerance and compensatory responses has not been studied in natural populations of other types of long-lived plant species like lianas, ferns or palms.

Genetic correlations between growth rate and tolerance/compensation {#sec019}
-------------------------------------------------------------------

We did not detect a genetic correlation between growth and tolerance or compensation, even though it has been shown that such correlation exists at least at the ecotype level in short-lived plants \[[@pone.0209631.ref032]\]. Therefore, the strong differences in growth that we detected among families cannot be explained by a growth-tolerance trade-off. In contrast, we found that 'super-performing' families that grew relatively fast under undisturbed conditions also grew fast when exposed to defoliation. These types of superior genotypes could play a key role in population resistance when the population is being disturbed by, for example, a storm (and associated increase of falling canopy debris) or herbivore attack. Fast growers have been shown to contribute positively and disproportionately to population growth \[[@pone.0209631.ref036], [@pone.0209631.ref037]\], and our results suggest that such contribution would be maintained under disturbance. However, population growth is not only influenced by the response of individuals to disturbance in terms of growth but also by their survival and ability to maintain seed production under stress. Therefore, it would be very interesting to test if fast growing adult plants have a high survival probability and are better able to maintain seed production when they suffer leaf loss, especially because *Chamaedorea spp*. have been shown to be relatively intolerant to leaf loss in terms of reproduction \[[@pone.0209631.ref006], [@pone.0209631.ref022], [@pone.0209631.ref038]\].

A trade-off with defoliation tolerance did not explain why genetic diversity for growth potential was high within the population that we studied. However, it is possible that there are other trade-offs with growth than the one with defoliation tolerance such as genotype x environment trade-offs (*i*.*e*. G x E interactions). Our study site is characterized by persistent spatial heterogeneity in environmental conditions \[[@pone.0209631.ref033]\]. Possibly, genotypes that grow fast in certain environmental conditions, like the greenhouse conditions in this experiment, are not the ones that would grow fast in other environments that are, for example, nutrient poor. However, it is hard to estimate how likely this is, as G x E interactions have hardly been studied in long-lived plant species, in particular, those that occur in tropical forests.

The current study was performed with seedlings. Possibly, our estimations of genetic variation in tolerance and compensation could be different if the experiment had been performed with adult plants. Larger reserve storage in adult plants may lead to higher tolerance to defoliation compared to seedlings. However, compensatory responses were strong in our experiment and comparable to those reported for adults of the same species \[[@pone.0209631.ref006]\], suggesting that if genetic variation in these responses would be strong in our study population, this would have been expressed in our experiment.

Implications {#sec020}
------------

The high genetic variation that we estimated for growth potential, might increase the adaptability of populations if pressure for light competition changes. This could, for example, happen if canopy dynamics change due to differences in storm frequencies, or because of the introduction of a new faster-growing, light-demanding, understorey species. In this case, genotypes that allow high growth might be selected for. On the contrary, the low genetic variation in compensatory responses and tolerance that we found, could have consequences for the adaptive potential of populations to environmental changes \[[@pone.0209631.ref007]\]. If the frequency and magnitude of leaf loss in a population persistently increases (*e*.*g*. due to an increase of storm frequencies, which is predicted in several climate change scenarios \[[@pone.0209631.ref039]\], or due to the introduction of an invasive herbivore \[[@pone.0209631.ref040]\]), populations with limited genetic variation in tolerance to defoliation might not be able to respond and adapt to such selective pressures. Our results provide indications this could be a risk for our study population if genetic exchange with other populations does not occur.

In the above context, it is critical to obtain accurate information on genetic variation in quantitative traits present in populations in order to be able to evaluate what the effect of environmental change will be on populations \[[@pone.0209631.ref007]\]. Especially information on genetic variation in traits that are directly linked to individual vital rates is essential to be able to link evolutionary and demographic processes \[[@pone.0209631.ref041]\]. However, at this point, surprisingly little is known about this for tropical forest species. Therefore, we strongly recommend more studies that evaluate the amount of within-population genetic variation causing differences in vital rates, and the consequences of this variation for the adaptive potential of populations to changing environments.

Strong genetic variation in growth rate as we found in this study, can also have implications for management practices. The existence of superior individuals that grow faster while still being able to strongly compensate for leaf loss offers opportunities for increased production by artificial selection. These individuals can be used when a species is commercialized, especially when this is for its leaves. In the case of *C*. *elegans*, leaves are harvested as a non-timber forest product (NTFP) for the floral industry, and are increasingly being planted in secondary forests for enrichment or in intercropping systems with species that provide shade \[[@pone.0209631.ref042]\]. This study shows that it might be beneficial to select seeds from individuals that have high growth rates, which can be easily identified for this species \[[@pone.0209631.ref036], [@pone.0209631.ref043]\]. We believe that there are many more long-lived tropical forest species for which it could be valuable to explore this potential.

Supporting information {#sec021}
======================

###### Allometric model.

Details on methods of the construction of an allometric model for estimation of biomass per plant part of seedlings of 6 months of age.

(DOCX)

###### 

Click here for additional data file.

###### Iterative growth model.

Details on methods of the construction and adaptation of an iterative growth model for estimation of daily individual seedling NAR, flam and γ.

(DOCX)

###### 

Click here for additional data file.
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